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ABSTRACT
Ever since the potential applications of superfine fibers were realized, bicomponent
fibers have received considerable commercial interest. Webs containing microfine
bicomponent fibers, such as bicomponent meltblown webs, have found great
opportunities in production of finer fibers by subsequent fiber splitting, though technical
problems still exist due to special features of the meltblown fibers, including low
molecular orientation, low crystallinity and low strength.
In this research, the mechanics of polymeric interfacial adhesion in side-by-side
bicomponent meltblown fibers was discussed and the method of enhancing the fiber
splitting in bicomponent meltblown webs by additive application prior to the extrusion
process was proposed and experiments conducted on Polypropylene (Exxon PP 3746G),
Polyester (Eastman PET 14965) and Polyamide 6 or Nylon 6 (BASF PA6 B3).
Twenty-two additives from different chemistry families were applied first for the
lab-screening test. The effect of these additives on the polymer surface energy was
studied using contact angle measured on the single fibers of PP and PET. Based on the
study, five silicone-containing copolymer additives were selected at the optimal weight
ratio of 2% for future trial test on TANDEC 6’’ meltblown line to produce PP, PET, PA6
meltblown webs.
Meanwhile, additive migration in single fibers and mono-component meltblown
webs produced from PP, PET and PA6 polymers was investigated by both contact angle
on single fibers and surface energy on the webs. The effect on tensile strength was also
studied by comparison of the webs before and after the additive application. The results
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showed that additive migration happened in about one week and the web strength was
slighted influenced by the additives.
Finally, selected polymers and additives based on the above research were tested on
Reicofil® 24’’ bicomponent Meltblown Line to produce side-by-side bicomponent fiber
nonwoven webs. Twelve side-by-side bicomponent meltblown webs were produced at
varied bicomponent ratios (67/34, 50/50, 34/67), where additives were applied to one
component in each bicomponent web. The fiber splitting was induced using hot water
without any mechanical agitation. The fiber structure was examined through Scanning
Electronic Microscopy (SEM). The effect of the water treatment on web properties such
as fiber diameter, basis weight, web thickness, air permeability, water resistance, tensile
property and flexural rigidity were investigated according to corresponding ASTM
standards. It was found that fiber splitting in PP/PA6 bicomponent web was improved by
additive application and web characterization indicated that detection of fiber splitting
from web properties, specifically air permeability, seemed possible.
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Chapter 1 Research Background
1.1 Introduction
1.1.1 Bicomponent Fibers
Bicomponent fibers are formed by coextruding two polymer components
simultaneously from the same spinneret to form a filament containing two polymers.
There are many manufactures in the world that produce a variety of bicomponent fibers,
such as Exxon, Dupont, Monsanto, BASF, Hills, Filtrona, and Kimberly-Clark [1].
The typical types of bicomponent fibers are shown in Figure 1.1. The simplest case
(a) is side-by-side (S/S) where the fibers have a single interface with both components
possessing an external boundary irrespective of the cross sectional shape. A second case
(b) is sheath/Core (S/C), which also has a single interface, but only one component can
have an external boundary. A large third class (c) is island-in-sea in which many fibrils of
one polymer are dispersed in the matrix of another. Recently many new developed
biomponent products showed up having tipped trilobal, tipped cross and segmented pies
cross-section as shown in Figure 1.1 (d)-(f).
Bicomponent fibers create the possibility for utilizing the properties of two polymers
at the same time and, therefore, offer fibers with several new features. For example, sideby-side fibers exhibit properties resembling natural wools, the so-called crimped fibers or
wool fibers. Sheath core fibers allow the material performance be improved to be suitable
for specific needs with minimum sacrifice of other properties.
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Figure 1.1 Bicomponent fibers [1]

1.1.2 Production of Bicomponent Meltblown Fibers and Superfine
Fibers from Them
Starting with the earliest attempts to make bicomponent meltblown webs carried out
by Buntin and Lohkamp in the early 1970s [2-3], bicomponent meltblowing technology
has progressed to the stage where equipment is now available to produce an almost
infinite array of bicomponent webs. The bicomponent melt-spinning process, has
received considerable commercial interest owing to its potential applications in the
production of fibers with various properties.
Combined with splitting techniques, bicomponent meltblowing technique can be
used to produce nonwoven webs containing finer fibers [4-18]. The nonwoven webs,
which generally have fibers less than 10 µm in average diameter and are well known in a
wide variety of industrial, consumer and medical products, can have fibers less than 1 µm
in diameter. While for many applications, the finer the fiber is, the greater the
performance can be enhanced. Finer fibers have increased surface area, for example, and
2

the corresponding web has smaller average pore size, which is very desirable for
application in filtration, absorbency and protective garments.
There have been many attempts to reduce the diameter of meltblown fibers: one is to
reduce the polymer throughput to the die head. This direct approach can only be used to
reduce the fiber size to a limited extent, since increasing reduction in the polymer
through-put eventually interrupts the fiber production. Another method involves
producing bicomponent meltblown fibers of an island-in-the-sea configuration, then
dissolving the sea component. This requires a cumbersome dissolving step and adding
problems of recycling, disposal and handling of the chemicals. Meanwhile, it removes
substantial portions of the bicomponent fibers to produce fine fibers, which results in a
low yield of fiber production. Other methods of producing finer fibers involve splitting
bicomponent fibers by mechanically working on the fibers in the presence of a hot
aqueous solution or hydraulically needled to fracture and separate the cross-sections of
bicomponent fibers to form fine denier split fibers.

1.1.3 Advantages/Applications of MB Nonwovens Having Finer Fibers
MB webs containing finer fibers exhibit high degree of softness, uniformity of the
fabric, uniform fiber coverage, high barrier properties, high filtration properties and high
fiber surface area. All of these properties make the nownwoven webs have extra values to
applications as filtration media, protective garments, sterilization wraps, aspirator wipes,
wiper cloth and covers for absorbent articles [19-20]. Filters made of meltblown
nonwoven webs are widely used to control particulates because nonwoven filters are safe,
reliable, efficient and economical. MB webs containing split finer fibers contain a high
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number of small cavities in the micrometer range, which combined with their
extraordinarily hardwearing and aging-resistant properties, allow them to be outstanding
cleaning products for industrial, household, and office cleaning.
Additionally, the microfiber web can be used as a laminate that contains one or more
layers of the split microfiber web and one or more layers of another woven or nonwoven
fabric or a film. The additional layer for the laminate is selected to impart additional or
complementary properties, such as textural and strength properties. The laminate
structures are highly suitable for various uses including various skin-contacting
applications, such as: protective garments, covers for diapers, adult care products,
training pants, sanitary napkins and various drapes, and the like.
There is a great deal of demand for low denier products currently. Producing
materials with finer fibers is becoming one of the hottest trends in the nonwoven market
due to the attractive performance of fabrics resulting from the finer fibers. Compare to
the other methods, such as obtaining finer fibers from inland-in-the-sea bicomponent
fibers by solving away one component, splitting side-by-side bicomponent fibers is a
relatively simple, economically and safer method to produce finer fibers.

1.2 Mechanism of adhesion between bicomponents
In order to produce splittable bicomponent nonwoven webs, two polymer components
are chosen usually from different chemistries, so that they are incompatible enough to
have a fairly substantial propensity to split. An example is one chosen from polyolefin
polymers and the other from polyester or polyamide polymers. However, even after
careful selection, the fibers are still difficult to be split smoothly giving a nonwoven web
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unsatisfying properties caused by unevenly distributed fibers. It is conjectured that the
distribution of the two components and their interfacial configuration in the molten state
within the spinneret is of paramount importance in ultimately controlling the spllitablity
of the bicomponent fibers. A number of theoretical studies have been done to understand
the interfacial configuration of two components within a spinneret, but very few studies
have been carried out to understand the mechanics of interfacial adhesion between
polymers in side-by-side bicomponent fibers, let alone meltblowing nonwoven fibers.

1.2.1 Interface Configuration
To achieve splitting, a flat interfacial configuration of a bicomponent fiber, as shown
by Figure 1.2 (a), is preferred over a curve or wrap-around one shown as Figure 1.2 (b),
which obviously will labor the post splitting.

(a)

(b)
Figure 1.2 Interfacial configurations of side-by-side bicomponent fibers
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Many experimental studies have been performed to understand why the interface of
the bicomponent fiber shapes like (b) and how the processing variables like L/D ratio,
flow rate, component ratio, melting temperature, and the rheological properties of the
individual components, affect the interface. Furthermore, numerical simulations of
coextrusion flow in a circular die have been undertaken for two polymer-melts system
[21-27]. The most interesting study was done by Southern and Ballman [21-22]. They
found that, “when the melt temperature was fixed, the interface shape was approximately
an arc of a circle at low flow rates, which was always concave toward the higher
viscosity component. While at high flow rates, especially when the wall shear rate was in
excess of the value required for viscosity crossover, a curtail cycloid or ‘gull wing’
interface shape was observed”. These results indicated that the viscosity ratio controlled
the configuration at each point along the interface. Chang Dae Han and Young Woo
Kim’s further investigation supported Southern and Ballman’s results, that the viscosity
ratio of two components is primarily responsible for the final shape of the interface; the
low viscosity component always tends to encapsulate the high-viscosity component.
Therefore, to obtain a fiber with flat interface shape, the proper polymer pairs should
be those having similar melting viscosities, which can be achieved by carefully choosing
the polymer pairs or by setting different melting temperatures for each component to
reduce the discrepancy. However, even though a flat interface shape is accomplished, the
fiber is still not readily to be split, because the final fiber’s splitability not only depends
on the fiber’s interfacial configuration, but also on the molecule interdiffusion on the
interface during coextrusion.
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1.2.2 Interfacial Diffusion
When two molten polymer streams join in the die head, a fluid interface is created
and is transported through the spinneret for a certain time under pressure. These
conditions favor the establishment of a complete and intimate interfacial contact of the
two components, which is accompanied by some molecular interpenetration, as polymer
segments of one phase diffuse across the interface into the other phase. Previous literature
has demonstrated that significant interface motion occurs at this state. [29]
Since two chosen polymers are incompatible and polymers’ viscosities are very
high, their diffusion coefficients are quite small. Therefore, interdiffusion of entire
macromolecules across the interface is impossible. However, both theoretically and
experimentally, local segmental diffusion is known to readily occur, forming a diffuse
interfacial layer of 1-5nm between two incompatible polymers, shown as Figure 1.3 [31].
Such local segmental diffusion is favored thermodynamically as interfacial free energy
can be reduced by limited interdiffusion, and is kinetically possible since the segmental
movement is restricted locally. This interdiffusion can be analyzed by Flory-huggins
theory and the mean-field and lattice theory.

Figure 1.3 Interdiffussion of macromolecules across the interface [31]
7

1.2.2.1 Flory-Huggins Theory
According to Flory-Huggins theory, the entropy and enthalpy of mixing is [32-33]:

∆S m = − R( N1 ln φ1 + N 2 nφ 2 )
∆H m =

RTV
χ 12φ1φ 2
Vr

where N is the number of moles, φ is the volume fraction, V is the total volume, Vr is the
molar volume of a repeat unit, and χ 12 is the interaction parameter. Assume that two
components have the same molecular weight, molar volume and density ρ , the energy of
mixing becomes: [33]

∆Gm =

where M c =

2 ρVr

χ 12

ρRTV M c
Mc

[

M

(φ1 ln φ1 + φ 2 ln φ 2 ) + 2φ1φ 2 ]

. Mc turns out to be the critical molecular weight for miscibility. When

M < Mc, mixing can occur easily through entire components, while when M > Mc, only
limited mixing can occur. Since an interaction parameter is a function of solubility
parameter δ of two polymer components, therefore, Mc can be calculated by:

Mc =

2 ρRT
(δ − δ ) 2 + (δ 1p − δ 2p ) 2
d
1

d
2

The length of the interdiffusion molecular segments that can occur across the interface at
equilibrium can be calculated. Most of the time, the polymers’ molecular weight M >>
Mc, so the diffusion of the entire molecules is unlikely.
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1.2.2.2 Mean-Field and lattice theories

According to the mean and lattice theories [35-36], the adhesion between two
polymer-melts is controlled by the density of interfacial entanglements. The width of the
interfacial region, a I , is given by Helfand as:

⎡ 2( B12 + B22 ) ⎤
aI = ⎢
⎥
α
⎣
⎦

1/ 2

where
Bk =

l 0k 2
bk
6

α = (l 01l 02 )1 / 2 χ 12
=

1
(δ 1 − δ 2 ) 2
KT

where l 0 k is the number density of the repeat unit of component, k and bk is the meansquare end-to-end distance of a molecule of k, χ 12 is the interaction parameter.
Qualitatively, the interfacial width decreases with increasing χ 12 or immiscibility. The
interfacial tension γ 12 is given as:

γ 12 =

B 3 − B23
2
kTα 1 / 2 12
3
B1 − B22

Since the B parameters do not change widely among polymers, the interfacial tension
could be approximately inversely proportional to the interfacial thickness γ 12 = Aα I−1 , A
is a constant. Therefore, the interfacial tension can be estimated from interfacial
thickness, which can be observed through Transmission electron microscopy. Figure 1.4
shows the electron photomicrograph of the interfacial region between poly (methyl
9

Figure 1.4 Electron photomicrograph of the interfacial region between poly (methyl
methacrylate) and poly (vinyl chloride) bonded at 210-220 0C [29]
methacrylate) and poly (vinyl chloride)[29], where the interfacial diffusion layer can be
clearly seen and easily measured.

1.2.3 Interfacial Structure
According to Wu [29], interfaces can be classified into two types: “sharp interface”
and “diffuse interface”. A “sharp interface” is obtained when little or no interfacial
diffusion occurs, such as that between a polar and a nonpolar polymer. A “diffuse
interface” is formed when sufficient interfacial diffusion occurs, such as that between
thermoplastic polymers having similar polarities. Three types of adhesive behaviors were
described by Wu:
(1) Sharp interface with weak molecular force: such as dispersion force between a
nonpolar polymer and a polar polymer. Intermolecular diffusion between such
kinds of polymer pairs is less and the interfacial adhesion is weak, because the
interface lacks enough molecular entanglement.
(2) Sharp interface with strong molecular force: such as the dispersion force between
a nonpolar polymer and a high-energy material like metal or molecular forces
involves specific interactions.
10

(3) Diffuse interface with any molecular forces: interface is diffused with sufficient
molecular entanglement.
Generally, polymer pairs for splittable bicomponent fibers in meltblown nonwoven
webs are chemically different as polypropylene with polyester or polyamide, which result
in a type of adhesive behavior similar to (1). However, the interface is not infinitely sharp
as described by Wu, or diffusive as that shown in Figure 1.4, but has an interfacial layer
of 1-5nm [31]. The molecular forces that tied the two phases are mainly Van der Waal
forces, which are weak and so the two phases, in theory, should be easily separated.
Unfortunately, they are not, because the interface is bonded not only by the van der
Waal forces but also by some physical bonds, whose function is paramount in
determining the interfacial adhesion between two polymer phases.

1.2.4 Interfacial Bonding
The interfacial forces that hold two polymer phases together may arise from various
types of intermolecular forces, such as van der Waal forces, chemical bonding, or
electrostatic attraction [37]. In polymer pairs for splittable bicomponent fibers, interfacial
forces mainly result from van der Waal forces. The van der Waal force between two
molecules is a short-range force, varying with r-7, where r is the intermolecular distance.
It includes dispersion force, dipole force and induction force.
In spite of these three kinds of forces, there is another important force that commonly
exists in polymer molecules-----hydrogen bonding. It is formed between a proton
acceptor and a hydrogen atom, which is attached to a highly electronegative atom, such
as O, Cl, F, and N. Hydrogen bonding is a kind of Dipole-Dipole attraction that, like
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other Van der Waals forces, is obtained only when the distance of molecules is on the
order of 5Å.
When there is no chemical bonding between the interfaces, the interfacial adhesion
between two polymers in side-by-side bicomponent fibers is mainly governed by the
extent of molecular or segmental diffusion. As the two polymers cool from a molten
state, the individual chains lose their mobility and the existing entanglements act as
physical bonds that tie the two polymers together across the interfacial region. Therefore,
interdiffusion is an important process in forming adhesive bonding, which greatly affects
the mechanical strength of the interface.

1.2.5 Effects on Interfacial Diffusion
Interdiffusion at polymer/polymer interfaces is a strong function of temperature,
molecular weight, molecular-weight distribution, chain orientation and molecular
structure of the polymers, which have a profound influence on the interfacial layer
thickness and adhesive strength of coextruded bicomponents. In the meltblown process,
the autogenously bonded meltblown fiber webs are quite weak and contain a numerous
interfiber bonds, due to the fact that the filaments are still tacky when they are collected,
and they restrict fiber movements. As a result, bicomponent fibers in meltblown
nonwoven webs are not easily be separated by simply applying a mechanical force on the
web, without severely damaging the web. Understanding how these factors affect the
interdiffusion at polymer/polymer interface and how to control them to reduce the width
and density of interfacial entanglements is rather important in manufacturing splittable
bicomponent meltblown fibers. These effects are summarized as follow:
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(1) Contact time
Contact time is influenced by the flow rate and the length of the spinneret where the
two polymers are joined and coextruded. The longer the spinneret or the lower the flow
rate, the longer the contact time. The extent of segmental diffusion increases significantly
with the increasing of contact time.
(2) Temperature in the spinneret
Practically, the spinneret will be heated to a temperature that is a little lower than
both polymers’ melting temperature. It is the higher melting temperature polymer that
controls the extent of interfacial diffusion, since the lower melting temperature polymer
can be overheated by the higher melting temperature polymer when they join in the
spinneret. Therefore, temperature in the spinneret will influence not only the interfacial
shape but also the segmental diffusion at the interface of the bicomponent fiber.
(3) Pressure
The pressure is determined by the throughput of each polymer component. The more
the polymer extruded, the higher the pressure. Obliviously, interdiffusion increases with
the pressure during extruding.
(4) Molecular weight
Increased molecular weight will increase the viscosity of polymers, which will
retard molecular diffusion.
(5) Molecular structure or chain flexibility
Increasing chain rigidity will increase the viscosity and retard the molecular
diffusion. Usually the interfacial adhesion tends to decrease with increasing chain
rigidity.
13

(6) Air speed
In meltblown process, high velocity hot air is supplied by the air manifolds to push
the meltblown fibers quickly away from the spinneret, so that the fiber diameter can be
dramatically reduced to less than 5 um. The effect of air speed on interdiffusion at fiber
interface is rather complicated and no studies have been reported yet.
(7) The solidification processes
Two components may solidify at different temperatures, time, and by different
mechanics, therefore, affect the structure and properties of the interface. For example, if
one component crystallizes while the other is still a viscoelastic fluid, penetrating
segments of the former component may be able to draw back from the ‘interface’ and the
interface may contain segments more of the second component than of the first one.
In summary, the adhesion of two components in side-by-side bicomponent meltblown
fibers is controlled by interface shape and interfacial adhesion. The interfacial shape is
determined by the viscosity ratio of polymer components. The interfacial adhesion is
mainly governed by the local segmental diffusion of two polymer molecular chains,
which is favored thermodynamically as interfacial free energy is minimized by limited
interdiffusion. When the two polymer components are cooled, the individual chains lose
mobility and the existing entanglements will act as physical bonds that tie the two
components together at the interfacial region. The interfacial adhesion is proportional to
the width of the interface, which is affected not only by the polymeric properties but also
by the processing parameters, such as temperature, pressure, flow rate and air speed, and
more deep studies are needed before their profound influence can be completely
understood.
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1.3 Development in fiber splitting techniques
Currently the major two methods in producing finer bicomponent fibers are (1)
producing island-in-sea configuration fibers and then dissolving the sea component, and
(2) producing side-by-side multicomponent fibers and then splitting them by
mechanically working the fibers in the presence of a hot aqueous solution. Although the
fibers obtained from the first method are much finer than those from the second, there are
several advantages that are possessed by the second approach. One of the advantages is
that it does not require a dissolving step and so is free of disposal and handling of the
chemicals solvents. Another advantage is that it does not remove substantial portions of
the fibers to produce fine fibers; therefore, the yield of fiber production is higher.
In spite of these benefits, the second approach also has some disadvantages. The
most obvious one is the poor uniformity of the resulting nonwoven webs, which is caused
by less than 50% splitting ratio of the web. Many attempts are being investigated to
improve the ratio of fiber splitting, which, in general, can be classified into the following
four aspects.

1.3.1 Polymer Pairs
The basic idea is to choose the proper pair of polymer components so that they are
incompatible enough to have a fairly substantial propensity to split. The rule that governs
the selection of polymer pairs is the solubility parameter. A difference in solubility
parameters is at least 1.2 (J/cm3) 1/2 and more preferably about 2.9 (J/cm3) 1/2[38]. The
typical splittable bicomponent fibers include a combination of a polyester resin with a
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polyolefin resin, a polyester resin with a polyamide resin or a polyamide resin with a
polyolefin [20]. The solubility parameters of these polymers are listed in Table 1.1.
Since the resulting fine fiber and fiber structure composed thereof have poor
chemical resistance due to the functional groups in the polymers, the application of these
products to the field of industrial materials is restrained. On the other hand, a
combination of polyolefin resins shows better chemical stabilities and accordingly,
attracts more commercial interest. Unfortunately, mechanical separation of these fibers is
a big problem due to a much higher affinity for each other to allow the segments to be
split easily. Several methods have been tried to produce easily splittable fibers from
polyolefin.
US patents 5,919,410, 5,965,084 [13,16] disclosed an attractive method to make the
two polyolefin components incompatible by modifying one of the polymer components
by adding hydrophilically modifierable polymers or hydrophilic modifying surfactants
such as fatty acid glyceride, alkoxylated alkyl phenol, polyoxyalkylene fatty acid esters,
and fatty acid amides to make one the olefin polymers hydrophilic. The final hydrophilic
polymer mixes have an initial contact angle less than 80 0.

Table 1.1 Solubility parameter (J/cm3) 1/2 of some polymers [39]
Polymer
Polyethylene
Polypropylene
Polyester
Polyamide

Solubility parameter
33.05
34.73
44.77
54.39
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WO 9,948,668 [14] disclosed that (1) fluoropolymer or silicone compounds in one
or more of the polymer components to make the components slippery and more prone to
split; (2) foaming agents in one or more of the components swells one component relative
to the other component and make them easy to be split.
EP 1,076,121 [7] reported that choosing branched alkyl polyolefin polymer such as
poly (4-methyl-1pentene), 3-methylbutene-1 and 4,4-dimethylpentene-1, as one
component and the other one be the straight-chain alkyl polyolefin polymer could also
make fibers splittable without trouble since the difference of crystallinities of the
branched polymer and the straight-chain polymer are big enough to make the two
component fibers split easily. Other methods that could differentiate polymers’
crystallinities, such as adding a nucleated agent, a releasing agent, and a catalyst to one
component or differentiating the viscosity by adjusting the melting temperature or
winding speed, etc., were disclosed in US patent 5,919,410 [15].

1.3.2 The Configurations / Shapes of the Fibers
In producing the splittable bicompoent fibers, the cross-section of the fibers is a very
important aspect that has been studied for many years. The conventional splittable
composite fibers have round or oval cross-sections as shown in Figure 1.5 When exposed
to the mechanical forces such as from the high-pressure fluid, the large part of the impact
energy escapes along the fiber surface in tangential directions, resulting an achievement
of a low splitting percentage.
Therefore, a profiled cross-section having projections on the surface of the fiber is
preferred in order to effectively impart physical impact onto the fiber without propagating
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Figure 1.5 Conventional cross-section of conjugated fibers [16]

(a)

(b)
Figure 1.6 Ribbon-shaped configuration [14,16]

the impact force in a direction tangential to the fiber surface. Several of the preferable
configurations are shown in Figure 1.6 (a) [6, 16, 40]. The thin rectangular or ribbon
shape of the bicompoent fiber provides a higher surface area that can be exposed to the
split-inducing medium, better facilitating spontaneous splitting of the fibers. WO
9,948,668 [14] reported that the ribbon-shaped fibers formed of triangular, diamondshaped or multi-lobal segments, as shown in Figure 1.6 (b), have an even lower bending
modulus than comparable ribbon-shaped fibers formed of segments having a circular
transverse cross-sectional.
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US patent 6,004,673 [41] also disclosed that a profiled cross-section having
indentations at a part of joined portions are more effective, as shown in Figure 1.7.
Because the physical impact can be retained in indentations without escaping along the
fiber surface and, therefore, the impact works effectively along the fiber surface, causing
a concentration of the energy of the impact force at joined portions. For the same fiber
fineness, since the splittable multcomponent fibers of this invention has a smaller
interfacial area than that of fibers having round or oval cross-sections, the components
can easily be split by a smaller impact force.
In order to achieve different cross-section of the bicomponent fibers, a
corresponding spinneret orifice of specific geometric design is typically needed, which is
unfortunately too expensive to be easily realized in practice. In spite of the cost for the
specific designed spinneret, to change a particular spinning line from the production of
one fiber cross-section to the production of a different fiber cross-section, requires that
the entire spinning line must be shut down to allow for physical installation of a spinneret
dedicated to the new cross-section, which is far more time consuming. Hodan John et al
[42], suggested that a particular cross-sectional geometry of bicomponent fiber could be
achieved by changing at least one of the following parameters (1) the differential relative
viscosities, (2) the relative proportions of the first and/or second polymers, and (3) the
cross-sectional bicomponent distribution of the first and second polymers. In such a
manner, a wide variety of bicomponent fibers having different cross-sectional geometries
may be produced without changing the fixed geometry orifice through which the
polymers are co-melt-spun.
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Note: numbers or alphabets indicate different components
Figure 1.7 Profiled cross-section having indentations on the surface [41]

1.3.3 Extruding Method
Bicomponent fibers are produced by extruding two polymer components from the same
spinneret. When two molten polymer streams join in the die head, a fluid interface is
created and usually transported for some distance under pressure. These conditions favor
the establishments of intimate interfacial contact of the two fluids as well as the local
segmental diffusion. The longer the two molten streams join together, the more complete
the segmental diffusion can achieve. Therefore, shortening the merge distance can be a
useful way to reduce the degree of segment interdiffusion.
WO 9,948,668 [14] disclosed an apparatus for extruding easily splittable plural
component fibers. It includes two separate slot-shaped passages for respectively
delivering two incompatible polymers to two sets of inclined capillaries as shown in
Figure 1.8. The inclined angle of the capillaries and the arrangement of the orifices cause
the two extruded polymer streams to extend toward each other along centerline axes in an
interleaved fashion.
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Figure 1.8 Apparatus for extruding easily splittable plural-component fibers [14]
The angle of convergence between the extruded two streams causes the steams to
merge at a short distance below the lower face of the spinneret so that the polymers are
not compressed together as they would be if joined within the spinneret, which result in
weaker inter-stream bonds. Meanwhile, some degree of cooling or quenching of the
polymer streams occurs prior to merging of the streams below the spinneret, make them
have less tendency to bond to each other than molten streams within the spinneret.
Moreover, the centerlines of polymer A capillaries lie along axes that, when extended
beyond the spinneret, are offset and non-intersecting with axes along which the
centerlines of the polymer B capillaries lie. The offset arrangement of the orifices reduces
the strength of the bond between adjacent fibers by limiting the surface area see Figure
1.6 (b).

1.3.4 Split-inducing Medium
Other techniques that are favorable for producing splittable bicomponent fibers
include using a split-inducing medium. US patent 5,759,926 [16] reported hot aqueous
fluid as the most effective split-inducing medium to split fibers. This could include hot
water, whose temperature between 65-100oC, and steam or mixture of steam and air that
21

have a temperature higher than 60oC. WO 9,948,668 [16] disclosed the use of ultrasonics
in addition to heat to excite the two polymer components to enhance relative movement
and results in easy splitting.
In summary, the studies on side-by-side bicomponent fiber splitting method have
been mainly focused on four aspects (1) polymer pairs, (2) cross-sections, (3) extruding
methods and (4) using split-inducing medium. Compared to choosing proper polymer
pairs, changing cross sections and modifying extruding methods are all related to
changing the spinnerets, which is too expensive and time consuming to be readily
accomplished even for the traditional single fiber melt-spinning process. In the case of
meltblown spinning process, these methods are even harder because of the huge number
of orifices on a meltblowing spinneret. Meanwhile, the cross-sections of meltblown fibers
are not so easily controlled as that of the melt spinning fibers. Therefore, a more practical
method would be choosing or designing proper polymer pairs to produce the easily
splittable bicomponent fibers and applying post treatments to induce fiber splitting.

1.4 Research objective
Due to the special features of the meltblown fibers such as low molecular
orientation, low crystallinity and low strength, splitting of meltblown bicomponent fiber
seems much harder than other fibers like spunbond bicomponent fibers or melt spun
bicomponent fibers. The proper splitting techniques are recently limited to designing
polymer pairs, modifying components and applying post treatments. Much work has been
done with focus on the selection of polymer pairs and post treatments. The objective of
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this research is concentrated on enhancing the fiber splitting by additive application and
including the following several aspects.
1

Understanding the mechanics of interfacial adhesion between two components in
side-by-side bicomponent meltblown fibers and, hence, to explore the possibility
of inducing fiber splitting theoretically.

2

Selecting suitable polymer melt additives and applying them on different polymers
to investigate the effect of additives on the surface energy of the polymers through
the measurement of contact angle on single fibers.

3

Exploring the suitable weight ratio/concentration of selected additives on each type
of polymers by way of measuring the contact angles on single fibers. Then, the
selected additives will be applied to produce PP, PET, PA6 meltblown webs on
TANDEC 6’’ meltblown line.

4

Investigating additive migration in single fibers and mono-component meltblown
webs produced from PP, PET and PA6 polymers by both contact angle on single
fibers and surface energy on the webs. The effect on tensile strength will also be
studied by comparison of the webs before and after the additive application.

5

Applying the candidate additives in the production of bicomponent meltblown
nonwoven webs on Reicofil® 22’’ bicomponent meltblown line. Splitting S/S
bicomponent MB nonwoven fibers through hot water treatment. Exploring fiber
splitting with Scanning Electronic Microscopy technology and web properties
before and after treatment.
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Chapter 2 Selection of Polymer Additives for Different
Types of Polymer Resins
2.1 Introduction
Several methods have been tried to produce easily splittable bicomponent meltblown
fibers. One approach is to modify the polymer surfaces [43-49], such as by blending of
small amounts of polymer melt additives with one polymer resin prior to or during the
process. The low solubility parameters and low surface energies of these additives tend to
cause them to phase-separate and to migrate to the polymer interface during and/or after
processing, which, as a result, reduce the surface energy of the polymers and lead to the
splitting of the two components.
In order to perform as a good melt additive, which is able to modify surface
properties, a chemical should have adequate thermal stability to survive the extrusion
process, be mobile enough to migrate to the fiber surface and have the right structure to
generate the desired surface properties. Typical surface-modifying additives include fatty
acid glyceride, alkoxylated alkyl phenol, polyoxyalkylene fatty acid esters, fatty acid
amides, organofunctionally terminated silicone oligomers, copolymers of silicones (or
polydimethylsiloxanes, PDMS) and fluoropolymers with organic polymers [2,50].
Here, two types of polymers, PP (Exxon 3746G) and PET (Eastman 14965), were
chosen based on the prior experiences. Although, polyamide/Nylon 6 is of great interest
too, its high melting temperature, high tendency to degradation and easy moisture
absorption bring troubles to the lab studies. Fortunately, its hydrophilicity similar to the
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polyester will allow us to apply the candidate additives for polyester to polyamide
without too much difficulty.
In this part of work, 22 different types of additives selected from the above groups
were blended with PP and PET resins respectively. The variation of shear viscosity of
these polymers under heating condition was investigated and the effect of these additives
on the surface energy of the polymers was characterized by contact angle measured on
single fibers.

2.2 Experiment
2.2.1 Polymer Additives
Information of 22 additives is listed in the Table 2.1.

2.2.2 Sample Preparation
30 g PP (Exxon 3746G) or PET (Eastman 14965) polymer samples were weighed in
250 mL bottles and 4% additive were added and mixed with pure PP and PET resins
respectively. The mixtures were shaken vigorously in the bottles and stored for a week or
so before the test to ensure the better distribution of additives among the polymer pellets.

2.2.3 Viscosity Tests and Fiber Preparation
For each polymer, 16 compounds and one pure control were tested on a Brookfield
Rheometer to investigate the effect of additives on the shear viscosity of the polymers.
The temperature was set at 250°C for PP and 280 °C for PET, but the actual value was
240~250°C for PP samples and 270~280°C for PET samples, because the temperature in
the sample chamber is not evenly distributed.
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Table 2.1.Applied polymer additives
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Company

Surfactants

Du Pont

Tetra-hydro fluorinated alkyl ethoxylate

Osi Specialities
Crompton
Corporation
Goldschmidt
Chemical
Corporation
Union Carbide
Corp.
Air Products and
Chemicals, Inc.,

Polyethermodified Siloxane
Polyether Modified Trisiloxane
Polyether-modified polysiloxane
Polyetherodified Siloxane
Octylphenoxypolyethoxyethanol or
Alkyloxypolyethyleneoxyethanol

Ethoxylated acetylenic diols
Polyalkyleneoxide Modified Siloxane

Osi Specialities
Crompton
Corporation

Siloxane polyalkyleneoxide copolymer
Polyalkylene oxide
Polyalkyleneoxide modified Siloxane
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The total heating period was 15 min for PP samples and 17 min for PET samples.
After the test, the polymer melt was poured out and fibers were manually drawn
directly from the melt and stored in desiccators for later contact angle test.

2.2.4 Contact Angle Tests on Fibers
Six single fibers with the length of 3 cm of each sample were prepared. Fiber
diameter was measured using microscope since it is a required parameter for the contact
angle test. The contact angle in deionized water was tested on a Dynamic Contact angle
Tensiometer K14 (Kruss Co.). Six to eight single fibers were measured and the average
value was used in the analysis.

2.3 Results and Discussion
2.3.1 Exxon PP 3746G Series
2.3.1.1 Polymer viscosity

The viscosity variations vs. time are shown in Figure 2.1(a)-(b). Generally, most
additives reduced the viscosity of polypropylene, but to different extent. Some of them
reduced the polymer viscosity severely, others didn’t. During the experiment, a lot of
fume was observed in the compounds with additive 1 and 2. The compounds with
additive 4, 8, 9 18 and 13 were found containing yellow beads in the polymer melt, which
could result from the thermal degradation of the additives. These phenomena indicate
that those additives may not be suitable for the meltblown process. On the other hand,
additives 6, 8, and 9, 19, 22 greatly reduced the viscosity of PP3746G, acting like
processing aids. The viscosity for compound with additive 6 was even too low to be
tested.
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Figure 2.1 Effect of 22 additives on the viscosity of polymer PP3746G
(a) additive 1~11 (b) additive 12~22
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Besides, additives 5-9, 15-22 showed the propensity to migrate to the surface of the
solidified polymer in a couple of days, which might be favorable for splitting the final
bicomponent fibers since migration of the additives to the polymer interface tends to
reduce the interfacial bonding.
2.3.1.2 Fiber contact angle

The average contact angle over six to eight single fibers for each sample is shown in
Figure 2.2. Compared with the pure PP-3746G polymer, the addition of 22 additives all
showed an increase in the fibers’ hydrophilicity. Fibers blended with additive 3, 6, 7, 8, 9,
17, 19-22 have average contact angle values less than 800, indicating that these additives
may be more efficient than the others. However, additives 8, 9 have poor heating
stability, and 6 reduces PP’s viscosity to such an extent, noticed from the viscosity test,
that they may bring problems in web processing.

Mean advancing contact angle
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Figure 2.2 Single fiber Contact angle of PP 14965 sample
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Meanwhile, the MSDS of additive 3 and 21 showed that both either have relatively
higher toxicity or lower flashing point than the rest that is disadvantageous for polymer
processing. Therefore, only additives 7,17, 19, 20 and 22 are considered as the preferable
hydrophilic additives for PP polymer.

2.3.2 Eastman PET 14965 series
2.3.2.1 Polymer viscosity

The viscosity variations vs. time are shown in Figure 2.3 (a)-(b). Similarly, all
additives reduced the viscosity of polyester, but more significantly than in PP. Since the
original viscosity of pure PET is much higher than that of PP 3746G, it was easier to
notice the additives effect in PET than in PP 3746G.
Meanwhile, additives 3-9, 17-22 showed the propensity to migrate to the surface of
the polymer after being stored for a couple of days. During the tests, the same phenomena
were observed for PET samples: (1) a lot of fume was produced when additives 1, 2 were
applied, (2) compounds with additive 4, 5, 8, 9, 13, 15, 16 and 18 were found containing
yellow beads in the melt, owing to the degradation of the surfactants.

2.3.2.2 Fiber contact angle

The average contact angle over eight to ten single fibers for each PET sample was
shown in Figure 2.4, and compared to those of PP3746G, shown in Figure 2.5. The
average contact angles for most PET fibers from these compounds are not greatly
reduced in comparison with that of pure PET fiber. However, fibers containing additive
3, 7, 17, and 22 have rather lower average contact angles, indicating that these
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Figure 2.3 continued Effect of 22 additives on the viscosity of polymer PET 14965
(a) additive 1~10 (b) additive 11~22
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additives are more effective in increasing PET fibers’ hydrophilicity. Excluding those
additives that were not stable or could severely reduce the polymer viscosity or have
negative environmental effects, the preferable hydrophilic additives for the PET14965
polymer were chosen as additives 7, 17, 20, and 22.
The experiments disclosed that the effective hydrophilic modifiers for both
polypropylene and polyester polymers are the silicone-containing copolymers. This may
not be coincidence. According to Randal M. Hill [50], silicone-containing copolymers
have lower solubility parameters and larger volume and, therefore, tend to migrate to the
polymer-air surface carrying the polar organic segments it is attached to. Its immiscibility
with the polymers would eventually cause it to exude from the system, thus providing the
desired hydrophilicity to the fiber surface more effectively.

2.4 Summary
A small amount (4%) of a series of polymer additives was applied to PP and PET
polymers and the variation in viscosity of these mixtures was investigated. The effect of
these additives on the surface energy of the polymers was explored by measurement of
contact angle on single fibers.
The results showed that all the additives reduced the viscosity of both PP and PET
polymers, though more obviously in PET polymer than in PP polymer. The respective
fibers, modified by silicone containing polymer additives, showed a greater increase in
hydrophilicity due to the lower solubility parameter and lower surface energy of silicone
additives compared to other additives, which results in the easier migration of the
additives to the polymer surface.
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Based on the analysis, additive 7,17, 19, 20 and 22 were chosen currently as the
preferable hydrophilic additives for PP polymer and additive 7, 17, 20, 22 for PET
polymer.
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Chapter 3 Selection of Additive Concentration for Each
Type of Polymer
3.1 Introduction
In addition to thermal stability and migration ability, polymer melt additives should
also show high efficiency at low concentrations in order to minimize or prevent possible
negative effects on polymer processing and mechanical properties of the final web or
fiber. The most commonly used additives are hydrocarbons, but the use of hydrocarbon
surfactants as melt additives is complicated generally by the high level of product
required to see an effect. Concentrations in the range of 5-15% of hydrocarbon
surfactants are common, but at these levels, negative impact on process and process
equipment is frequently observed [51-53].
Fortunately, silicone-based surfactants can be used at lower concentrations, which is
favorable for the web processing. In the former experiment, 4% of additives were used to
facilitate the effect of additives, but lower concentration will be preferred if it can achieve
the same increase in the fiber surface energy as 4% or close to it. Since additives are very
often much expensive, the less the amount is used the lower the cost can be.
In this part of research, the effect of additive concentration on the surface energy of
fibers produced from polypropylene (Exxon 3746G) and polyester (Eastman 14965) was
investigated through contact angle measured on single fibers. The applied five polymer
additives were selected based on the prior experiment as the proper surface modifiers for
polypropylene and polyester.
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3.2 Experiment
3.2.1 Sample Preparation
The selected 5 additives are listed in Table 3.1. 0.5~4.0% additive were mixed with
pure PP and PET resins, respectively. The mixtures were shaken vigorously in the bottles
and stored for a week or so before the test to ensure the better distribution of additives
among the polymer pellets.

3.2.2 Viscosity Tests and Fiber Preparation
Compounds as well as the pure polymers were tested on Brookfield Rheometer to
investigate the effect of additive concentration on the viscosity of the polymer. The
temperature was set at 250°C for PP and 280 °C for PET. As mentioned before, the actual
value was 240~250°C for PP samples and 270~280°C for PET samples, due to the
unevenly distributed temperature in the sample chamber. The total heating period was the
same as before for both PP and PET. Fibers were manually drawn directly from the melt
and stored in desiccators for contact angle test.

3.2.3 Contact Angle Tests on Fibers
Six single fibers with the length of 3 cm of each sample were prepared. Fiber
diameter was measured using microscope. The contact angle in deionized water was
tested on Dynamic Contact angle Tensiometer K14 (Kruss Co.) at TANDEC, UTK.
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Table 3.1 Information of selected additives
No.

Company

Surfactants

7

Goldschmidt
Chemical
Corporation

Polyether Modified Trisiloxane

17
19
20
22

Osi Specialities
Crompton
Corporation

Polyalkyleneoxide Modified Siloxane
Siloxane polyalkyleneoxide copolymer
Polyalkylene oxide
Polyalkyleneoxide modified Siloxane

3.3 Results and Discussion
3.3.1 Exxon PP 3746G Series
3.3.1.1 Polymer viscosity

The viscosity variation vs. time of PP series is shown in the Figure 3.1(a)-(e). The
plots show that polymer viscosity generally decreased as the additive weight
ratio/concentration was increased. However, the viscosity of the polymer with additives
7, 17 and 20 did not show such a significant reduction as that of polymer having additive
19, which exhibited a great decrease when the additive concentration is 4%.
Although reducing polymer viscosity to some extent is helpful to the polymer
extrusion, it causes problems in producing splittable bicomponent fibers when the
viscosity of one component is too low. The lower viscosity component has higher
mobility and so tends to wrap up the higher viscosity component during the process and
results in bicomponent fibers has larger interface, which will retard the splitting of
bicomponent fibers. Furthermore, additive degradation is not a negligible problem as the
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Figure 3.1 Effect of concentration of additives on the viscosity of PP14965G
(a) additive 7 (b) additive 17
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Figure. 3.1 continued (c) additive 19 (d) additive 20
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Figure. 3.1 continued (e) additive 22
amount of additive increases. Therefore, a lower concentration is preferred if this does
not reduce too much its effect in increasing surface energy of fibers.
3.3.1.2 Fiber contact angle

The average contact angle over 6 single fibers from each PP sample is shown in
Figure 3.2. Compared with that of pure PP fiber, the more the additive was added, the
lower the fibers’ contact angle or the higher surface energy was achieved. The results
also showed that the significant decrease in contact angle was not obtained until the
additive concentration reached 2%.
Furthermore, fibers blended with additive 7, 19, 20 and 22 seemed to have little
effect in reducing the average contact angle as the additive concentration increased from
2% to 4%, or even increasing the average contact angle as shown in 22, indicating that
more than 2% of additives was not necessary. Only additive 17 kept on reducing the cont
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Figure 3.2 Single fiber contact angle of PP 3746G samples

-act angle of the fibers as its ratio in the polymer increased.
Considering the small or inverse effect of higher concentration of additive in fiber
contact angle, except for additive 17, and the possible problems that can be brought in by
more additives when producing the bicomponent meltblown fibers, the final proper
additive concentration was chosen at around 2%.

3.3.2 Eastman PET 14965 Series
3.3.2.1 Polymer viscosity

The effect of additive concentration on viscosity of PET polymer is shown in the
Figure 3.3 (a)-(d). The results showed that the addition of all 4 additives greatly reduced
the viscosity of PET 14965 polymer even at very low concentration (0.5%).
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Figure 3.3 Effect of concentration of additives on the viscosity of PET 14965
(a) additive 7 (b) additive 17
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Figure 3.3 continued (c) additive 20 (d) additive 22
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Since the original viscosity of pure PET is much higher than that of PP 3746G, it is
harder to detect the variation of PET viscosity with time when additive concentration is
higher than 2%. As a matter of fact, the viscosity became so low for samples having 4%
of additives 20 or 22 that the tests were unable to be conducted smoothly. As in PP
samples, the increase in the additive concentration decreased the viscosity of PET
polymer. Contrary to the situation in PP, the decrease in viscosity to a certain extent is
preferable for producing bicomponent fibers since the PET component usually has much
higher viscosity than its PP component, and the reduction in difference between
viscosities of two components will facilitate the production of side-by-side bicomonent
meltblown fibers. However, too much decrease in viscosity will cause the same problem
as we discussed before.

3.3.2.2 Fiber contact angle

The average contact angle over 6 single fibers from each PET sample is shown in
Figure 3.4. Compared with pure sample, the more the additive was added, the lower the
fibers’ contact angle was achieved, except for sample with additive 20, of which the
concentration of additive did not affect much on the surface energy. Samples having
additive 7 or 22 showed a great decrease in contact angle when 4% of additives was
applied. While samples having additive 17 and 20 did not show much difference in the
average contact angles when the additive concentration increased from 2% to 4%,
indicating that more than 2% of additives is not necessary.

44

Mean(Advancing contact angle)

100

90

80

70

60

PET + 22 (4.0%)

PET + 22 (2.0%)

PET + 22 (1.0%)

PET + 22 (0.5%)

PET + 20 (4.0%)

PET + 20 (2.0%)

PET + 20 (1.0%)

PET + 20 (0.5%)

PET + 17 (4.0%)

PET + 17 (2.0%)

PET + 17 (1.0%)

PET + 17 (0.5%)

PET+ 7 (2.0%)

PET + 7 (4.0%)

PET + 7 (1.0%)

PET + 7 (0.5%)

Pure PET

50

Sample index

Figure 3.4 Single fiber contact angle of PET 14965 samples
We noticed, from viscosity test, that 4% of additive 20 and 22 reduced PET polymer
viscosity significantly and that it may not favor producing bicomponent fibers.
Furthermore, the degradation of additive at a temperature as high as meltblown
processing temperature for PET is severe. All of these indicate that the higher
concentration is unfavorable. Therefore, a weight ratio of 2% was also chosen as the
better concentration for PET polymer.

3.4 Summary
In this part of research, the effect of concentrations of polymer additives, which
were selected based on the previous study, on the surface energy of polypropylene
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(Exxon 3746G) and polyester (Eastman 14965) polymers were studied through contact
angle measured on the single fibers.
The results showed that the shear viscosity of both PP and PET polymers decreased
as the additive concentration increased, especially for the PET polymer; and most
samples showed an obvious increase in hydrophicility of fibers when the additive
concentration increased to 2%. Considering the possible negative effects brought by
adding more additives such as more degradation, extra cost and severe reduction in
polymer viscosity, the proper additive concentration for both PP and PET polymer was
chosen at about 2%.
Due to the similarity between properties of PET and PA6 polymers, the proper
additives selected for PET polymer will be applied to PA6 polymer in the later web
production.
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Chapter 4 Additive Migration and Meltblown
Nonwoven Webs Containing Them
4.1 Introduction
As mentioned before, one of the requirements for good polymer additives is the high
mobility to migrate to the fiber surface. Since the additives are introduced together with
the polymer resin into the extruder, the distribution of additive in the bulk of the polymer
is relatively homogeneous due to the hydrophobic silicone chain of additives, and
therefore, they are not readily available at the surface.
After extrusion, the fiber/additive mixture will be slowly cooled down and the two
materials will become immiscible as the temperature decreases, which then lead to the
phase separation. After fibers complete solidification, the further migration of the melt
additive from the solidified bulk to the surface becomes slow, hindered by the polymer
matrix structure.
Many factors can influence the kinetics of additive migration [53-54], such as
amount and molecular weight of silicone in the copolymer, type and nature of the base
polymer, its morphology (amorphous or crystalline), transition temperatures, processing
methods, and quenching conditions etc, which has not been completely understood yet.
The complicated fiber configurations and the random fiber arrangement and
entanglements in a meltblown nonwoven web certainly make it even more difficult to
understand. Fortunately, the migration of additives on fiber surfaces and meltblown
nonwoven webs can be detected in several ways, such as contact angle test and surface
energy test.
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In this part of research, the surface migration phenomena of additives in single fibers
and mono-component meltblown webs were investigated by continually measuring the
contact angle on the same fibers and testing surface energy on the same webs over a time
period. The average tensile strength of nonwoven webs before and after additive
application was also studied to observe whether the application affects the web strength.

4.2 Experiment
4.2.1 Single Fiber Contact Angle
Single fibers were produced in the same way as before. The selected additive and
polymer resin for this investigation is additive 7 and PP 3746G, respectively, due to their
easy processability. The contact angle was measured in the same way as described
before.

4.2.2 Web Processing
The 6’’ meltbown pilot line at the Textile and Nonwoven Development Center
(TANDEC) of the University of Tennessee was used for the production of the nonwoven
webs. The applied polypropylene, polyester and Nylon 6 were Exxon 3746G, Eastman
14965 and BASF Nylon B3. The processing variables were set based on the prior
experiences, given in Table 4.1. The additive concentration in the polymer is around 3%,
1% more to compensate the loss due to the degradation or evaporation during the melting
processing.
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Table 4.1 Meltblown processing variables
Sample
Index
PP
series
PET
series
PA6
series

Extrusion
Temperature
(°F)

Melt
throughput
g/hole/min

Air
Temperature
(°F)

500

0.3

460

580

0.8

513

580

0.8

513

Air
Pressure
20%
5.41
20%
5.41
20%
5.41

DCD
(Inch)
8
10
10

Air
gap/setback
60
mil/60mil
80
mil/80mil
80
mil/80mil

4.2.2 Web Characterization
The surface energy of each web was tested using surface tension test fluids provided
by Diversified Enterprises. The strength of mono-component nonwoven meltblown webs
was measured according to the corresponding ASTM standards at TANDEC.

4.3 Results and Discussion
4.3.1 Additive Migration in a Single Fiber
The average contact angle over six single fibers of each sample is shown in Figure
4.1. The results showed that generally the average contact angle decreased as the storage
time increased except when the additive concentration is 4%; and the change was not
obvious for 0.5% and 1.0% until two weeks later, while the decrease in average contact
angle was detectable after four days for 2%. This indicates that the migration depends on
the amount of additives, which is reasonable since the variation of contact angle becomes
hard to detect when the amount of additives is not enough to cover the fiber surface, or
when it is more than enough to cover the fiber surface. The tendency of silicone additives
to migrate to the surface of fibers is a direct result of the low solubility parameters, fairly
large volumes, and excellent backbone flexibilities of these additives.
49

Mean Advancing contact angle

110
100
90
80
70
60

1 day
4 day
PP 3746G 1 week
2 week
1 month
1 day
4 day
PP+7(0.5%) 1 week
2 week
1 month
1 day
4 day
PP+7(1.0%) 1 week
2 week
1 month
1 day
4 day
PP+7(2.0%) 1 week
2 week
1 month
1 day
4 day
PP+7(4.0%) 1 week
2 week
1 month

50

Time within Sample index

Figure 4.1 Single fiber contact angle of PP 3746G + 7 at different concentrations

4.3.2 Additive Migration in Meltblown Nonwoven Webs
Table 4.2 gives the results of surface energy of different nonwoven webs tested at
different times. It showed that 2% of additives was enough to give great increases in
hydrophilicity of nonwoven webs produced from PET14965 and PA 6 polymers, while
only additive 7 and 17 showed the same result on PP nonwoven webs, indicating that the
effect of additive on a web surface is quite different from that on a single fiber. This is
probably due to the complication of fiber configurations and entanglements in a web. The
slow migration of the additive 7 in PP than in PET is probably due to the specific
property of additive 7, which is unknown to us.
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Table 4.2 Surface energy of nonwoven webs
Sample
Index
PP
(Exxon
3746G)
PP + 7
PP + 17
PP + 19
PP + 20
PET
14965
PET + 7
PET + 17
PET + 20
PET + 22
PA6 (B3)
PA6 (B3)
+ 22

Surface energy (dynes/cm)
Right off
line

1day

2 days

6 days

14 days

1 month

2 months

36~38

36~38

36~38

36~38

36~38

36~38

36~37

40~42
>70
36~38
36~38

40~42
>70
36~38
36~38

40~42
>70
36~38
36~38

>70
>70
36~38
36~38

>70
>70
36~38
36~38

>70
>70
36~38
36~38

>70
>70
36~37
36~37

42~44

42~44

42~44

42~44

42~44

42~44

42~44

>70
>70
>70
>70
48~50

>70
>70
>70
>70
48~50

>70
>70
>70
>70
48~50

>70
>70
>70
>70
48~50

>70
>70
>70
>70
48~50

>70
>70
>70
>70
48~50

>70
>70
68~70
>70
48~50

>70

>70

>70

>70

>70

>70

>70
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4.3.3 Tensile Properties of MB Webs with Additives
The average basis weight, fiber diameter and tensile strength of mono-component
meltblown nonwoven webs produced from PP + 7, PET + 22 and PA6 + 22 are shown in
Figure 4.2 ~ 4.4, and compared to the webs without additive, respectively. The large
variation in average fiber diameters of PET and PA6 webs with/without additive can be
reasoned by the difference in web basis weight that heavier webs corresponds to larger
fibers. Since the effect of basis weight has been taken into consideration when we
calculate the specific strength or tenacity of the web, the variation in tenacity between
samples can be attributed to the addition of additives. The results showed that the web
strength changed more significantly in machine direction than in cross direction. The
average breaking tenacity decreased greatly in PP webs, while increased slightly in PET
and PA6 samples probably owing to the sample variance.

Mean(Basis weight (gsm))
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Figure 4.2 Average basis weights of meltblown webs
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Figure 4.3 Average fiber diameters of meltblown webs
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Figure 4.4 Tensile strength of meltblown webs
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Based on the foregoing discussions about additive migration in the fiber, it is
conceivable that the effect of additive migration on web strength is more significant on
slow cooled PP fibers than on PET or PA6 fibers, since it may leave free volume inside
of the slow cooled PP fibers or webs, which probably explains the significant reduction in
tenacity of PP webs after added additive 7.

In the cases of PET and PA6, the

solidification of these fibers is much faster than PP, which could quicken the movement
of additive in these fibers and once the polymers were cooled the migration was finished.
Therefore, storage time did not show any significant effect on the hydrophilic property of
PET and PA6 webs, while it did show some effect on the PP webs treated with additive 7.
Besides the difference in polymer properties, other factors could also contribute to this,
such as difference in nature of additives or difference in processing conditions, etc., these
are not easy to explore.

4.4 Summary
In this part of research, additive migration in both single fibers and monocomponent meltblown webs were investigated by fiber contact angle measurement and
web surface energy test. The results showed that the migration of additive 7 in PP fibers
seemed to depend on the amount of the additive in the polymer. The surface energy tests
on the corresponding webs over two months showed that all the webs shared the same
potential increase in hydrophilicity as fibers, but only the migration of additive 7 in PP
nonwoven webs was detected, which probably is due to the difference in polymer nature
and/or additive nature.
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The average fiber diameter and tensile strength of the mono-component MB webs
before and after additive application was also studied to investigate whether the addition
of additives affects the web strength, one of the most important web properties. The
results showed that the web strength reduced more in machine direction than in cross
direction, and the break tenacity decreased more obviously in PP webs than in other type
of webs. The apparent difference in tenacity between three types of webs is probably due
to the distinction in polymer nature.
Since additive 7 and 22 have less environmental effects and seemed more stable
during processing than the rest of additives, they were selected to be applied in PP, PET
and PA6 bicomponent meltblown web processing, respectively, in the future.
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Chapter 5 Fiber Splitting in S/S Bicomponent MB Webs
through Hot Aqueous Treatment
5.1 Introduction
The application of hot aqueous medium to enhance splitting of bicomponent fibers
has been familiar with researchers for a long time. Mathes et al, obtained good results by
using hot water to separate a multicomponent fiber composed of polyamide and polyester
[56]. Hot aqueous mediums include hot water, steam or mixture of steam and air that
have temperatures higher than 60 0C [16]. Among these mediums, hot water is one of the
most attractive ones since it is simple, economically and environmentally.
However, the effect of hot water is often reduced by other more influential factors
that control the extent of fiber splitting, such as the compatibility of two components.
Therefore, this technique is usually accompanied by vigorous mechanical agitation on the
fibers to facilitate their splitting. Unfortunately this is harmful to the fine and relatively
weak meltblown fibers.
In this part of research, the hot water treatment was applied to the side-by-side
bicomponent meltblown webs having one component treated with hydrophilic additives,
to induce fiber splitting. The theory behind this is that splitting may be achieved without
mechanical agitation, due to the greater decrease in compatibility between two
incompatible components by the application of hydrophilic additives.

5.2 Experiment
The side-by-side bicomponent MB nonwoven webs were produced on the Reicofil®
22’’ bicomponent meltbown line at the Textile and Nonwoven Development Center,
56

UTK, following the processing conditions given in Table 5.1. Meltblown webs at varied
bicomponent ratios were produced to investigate the effect of component ratio on fiber
splitting. Water treatment was accomplished by soaking the bicompoent MB webs into
the boiling water for 40 min. The effect of hot water treatment on fiber diameter, basis
weight, web thickness, air permeability, water permeability, tensile property and flexural
rigidity of the side-by-side bicomponent meltblown webs were investigated according to
the corresponding ASTM standards.
Web structure and fiber splitting were examined through Scanning Electronic
Microscopy (Leo). The photos of cross-sections of webs were obtained using laser
microscopy (Leica ® TCS SP2). A small piece of web was cured for 14 hrs at 680C
embedded in the epoxy resin (Spurr) and then cut into 1 micron thickness using
microtone (Reichert OMU 3); the microscopic images were obtained under a high-level
laser microscope, using the technology of differential interference contrast.

5.3 Results and Discussion
5.3.1 Observation of Fiber Splitting Using SEM
The SEM photos of 12 bicomponent meltblown webs before and after hot water
treatment are selectively shown in Figure 5.1-5.8 respectively.
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Table 5.1 Processing parameters for 12 bicomponent nonwoven webs
No.
P1
P2
P3
P4
P5
T1
T2
N1
N2
N3
N4
N5

Sample Index

50% PP (3746 G) /
50% PP (3746G)
50%PP (3746G) /50%
PP + 7
34%PP (3746G) /66%
PP + 7
50%PP (3746G) /50%
PP + 22
34%PP (3746G) /66%
PP+ 22
50%PP (3155 G) /50%
PET (14965)
50%PET /50%
PET+22
50%PP (3155) /50%
PA6 (B3)
34%PP (3155) /66%
PA6 (B3)
33%PP (3155) /66%
PA6 (B3) + 22
50%PP (3155) /50%
PA6 (B3) + 22
66%PP (3155) /34%
PA6 (B3) + 22

Die
Temperature
(°F)

Spin pump
(rpm)
A
B

Air
Temperature
(°F)

Air Flow
rate
(SECM)

DCD
(Inch)

Air
gap/setback

500

10

10

500

200

8/10

0.8/1.0

500

10

10

500

200

8/10

0.8/1.0

500

10

10

500

200

8/10

0.8/1.0

500

10

10

500

200

8/10

0.8/1.0

500

10

10

500

200

8/10

0.8/1.0

550

10

7

550

300

8

0.8/1.0

550

10

7

550

300

8

0.8/1.0

550

10

7

550

300

8

0.8/1.0

550

10

7

550

300

8

0.8/1.0

550

10

7

550

300

8

0.8/1.0

550

10

7

550

300

8

0.8/1.0

550

10

7

550

300

8

0.8/1.0
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P2 (a)

P2 (b)
Figure 5.1 SEM photos of 50%PP/50%PP+additive 7 bicomponent web before (a)
and after (b) treatment
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P4 (a)

P4 (b)
Figure 5.2 SEM photos of 50%PP/50%PP+additive 22 bicomponent web before (a)
and after (b) treatment
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T2 (a)

T2 (b)
Figure 5.3 SEM photos of 50%PP/50%PET+additive 22 bicomponent web before (a)
and after (b) treatment
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N1 (a)

N1 (b)
Figure 5.4 SEM photos of 50%PP/50%PA6 bicomponent web before (a) and after (b)
treatment
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N2 (a)

N2 (b)
Figure 5.5 SEM photos of 34%PP/66%PA6 bicomponent web before (a) and after (b)
treatment
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N3 (a)

N3 (a)
Figure 5.6 SEM photos of 34%PP/66%PA6+ additive 22 bicomponent web before (a)
and after (b) treatment
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N4 (a)

N4 (b)
Figure 5.7 SEM photos of 50%PP/50%PA6+ additive 22 bicomponent web before (a)
and after (b) treatment
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N5 (a)

N5 (b)
Figure 5.8 SEM photos of 66%PP/34%PA6+ additive 22 bicomponent web before (a)
and after (b) treatment
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Fiber splitting in the PP/PA6 meltblown webs was obvious after water treatment.
Compared to the control PP/PA6 webs, more split fibers could be observed in the
treated webs in which PA6 component was compounded with additive 22. However,
none of PP/PP + additive7 or PP/PP + additive 22 bicomponent webs show any split
fibers and there were only very rare spots of split fibers observed in PP/PET +
additive bicomponent webs.
No splitting fibers in PP/PP + additive webs and only little in PP/PET + additive
webs could be contributed to several reasons. First, without mechanical agitation, the
hot water treatment might be too mild to split the bicomponent fibers in these webs.
Second, the discrepancy in material properties between two components could have a
dominant influence on the fiber splitting that will not be easily overcome by simply
mixing the hydrophilic additives with one component. Third, the long co-extrusion
spinneret used in the 22’’ meltblown line at TANDEC might be favorable for the
molecular chains of two polymers to be diffused to a greater extent and allow a more
thicker interfacial layer to be formed, which could retard the immigration of additive
to the polymer interface. Fourth, the low viscosity or highly mobile additive
molecules could make it harder to be contained within one polymer melt without
diffusing into the other component or around the inner wall of the long spinneret
during the process, which obviously would reduce their amount on the polymer
interface. Finally, the amount of additive that was determined based on lab
experiments might not be very well suited for practical meltblown processing,
considering that the effect of them can be diminished in many ways. Even though,
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more split fibers in PP/PA6 + additive meltblown webs still indicated that adding
hydrophilic additive to PA6 component enhanced the splitting of PP/PA6 fibers.
The component ratio seemed do have some effect on the splitting of PP/PA6
fibers, based on the SEM photos, in that the number of split fibers increased with PP
percentage. This was unexpected and unknown to us since the real component ratio in
the spinneret is difficult to detect, and the adjusting of throughput of one component
was merely based on the theoretical calculation.

5.3.2 Position Effect on Fiber Splitting Using SEM
The effect of web positions across the machine direction of N5 webs was also
explored using SEM photos, shown in Figure 5.9. Two photos were taken from the
two sides of the web and one from the middle of the web. The photo of cross section
of 67%PP/34%PA6 bicomponent MB web was also taken, shown in Figure 5.10.
Interestingly, the web position did seem to affect the splitting of PP/PA6
bicomponent fibers, based on the SEM photos, that the web sides contained more
split fibers than the middle of the web. This is probably due to the poor uniformity of
the web thickness across the machine direction, which probably caused by several
reasons, such as the unevenly distributed two materials among the dies or even the
clogging of some die holes during the processing. Meanwhile, thinner web sides
allow the fibers more easily to be accessed by the water molecules during the water
treatment and so fibers split more efficiently. The fiber splitting can been clearly seen
from the photo of cross sections.
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(a) On right side

(b) On left side
Figure 5.9 SEM photos of water treated 66%PP/34%PA6+ additive 22 bicomponent
samples from different web positions
(a) and (b) on two sides of the web
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(c) In the middle
Figure 5.9 continued (c) in the middle of the web

Figure 5.10 Cross section of 66%PP/34%PA6+ additive 22 bicomponent fiber after
treatment
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5.3.3 Fiber Diameter
The average fiber diameters of 12 bicomponent meltblown webs are shown in
Figure 5.11. Although there were slight differences in the average diameters before and
after water treatment, the changes could not be reckoned as statistically significant
considering that the standard deviation bars overlapped. This is reasonable, because the
fiber diameters of a meltblown web are widely varied, the reduction in diameter caused
by splitting, if it does occur, will not be easily detected. Besides, the split fibers almost
show the same diameters as those without split, as shown in the SEM photos, if the
interfaces between two components are arranged in such a way that the larger diameter is
right facing the observer.
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Figure 5.11 Average fiber diameters of 12 Bicomponent MB webs
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5.3.4 Web Structure
The average basis weight and the web thickness of 12 bicomponent meltblown
samples are shown in Figures 5.12 and 5.13. The P1-P5 webs, which are composed of
pure PP or PP with PP + additive 7 or additive 22, seemed not to have as much change in
basis weight after water treatment as in T1-N5 webs, which are composed of PP and PET
or PP and Nylon 6. The average web thicknesses are all increased after treatment and the
increase was much more obvious for PP/PET webs and PP/PA6 webs than for PP/PP
webs.
The differences in both basis weight and thickness between webs are related to the
difference in web shrinkage, given in Table 5.2, which resulted from the relaxation of the
web internal stress introduced in web processing during the boiling water treatment.
Unexpectedly, P2 webs, which unlike other PP/PP webs, showed a little shrinkage after
the treatment, which was probably due to some special effect from additive 7.

Table 5.2 Average percentage of web shrinkage
Sample index
P1
P2
P3
P4
P5
T1
T2
N1
N2
N3
N4
N5

Mean Shrinkage (%)
0
1.88
0
0
0
6.06
2.45
11.6
10.5
12.2
8.83
6.72

Std Deviation (%)
0
0.63
0
0
0
3.23
0.63
6.68
0.42
3.16
0.95
0.51
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Figure 5.12 Average basis weights of 12Bicomponent MB webs

600

500

400

300

200

100

0

N5

Treatment within Sample index

Figure 5.13 Average thickness of 12 Bicomponent MB webs
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The results also showed that the basis weight of PP/PET and PP/PA6 webs was
affected by the bicomponent ratio. It was probably due to the differences in distribution
of two components in fibers, or the difference in distribution of additives between
polymers, or even the difference in web uniformity.

5.3.5 Barrier Property
As shown in Figure 5.14, most of the webs showed decreased air permeability after
water treatment except N3-N5 samples, whose air permeability, on the contrary, did not
show much change or even slightly increased. Since the same pieces of webs were
measured for air permeability before and after treatment, the variation in air permeability
before and after treatment was merely caused by the treatment. The decrease in air
permeability for most samples after treatment was probably owing to the web shrinkage,
which resulted in tighter fiber arrangement in the web. While the increase in air
permeability was probably due to the fiber splitting, as proved by the SEM photos, which
could create more voids among fibers that would allow more air to be passed through.
The hydrostatic head test results are shown in the Figure 5.15. Unexpectedly, all 12
webs showed significantly decreased ability in water resistance after treatment. Probably,
the penetration of water through the webs during treatment might leave many tiny holes
in the web. Although the web shrinkage drew the fibers together, they might not be able
to suppress those tiny holes, which could serve as channels for water to be pushed
through when the web was under pressure. Besides, we could see that all the webs treated
with additives showed less water resistance than their corresponding control samples,
indicating that the additives may facilitate water molecules traveling through the webs.
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Figure 5.14 Average air permeability of 12 Bicomponent MB webs
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Figure 5.15 Average hydrostatic head of 12 Bicomponent MB webs
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5.3.6 Mechanical Properties
The average peak tenacity and peak elongation of 12 bicomponent meltblown webs
in both machine direction (MD) and cross direction (CD) are shown in Figure 5.16 and
Figure 5.17. Most of the samples showed obvious decrease in both peak tenacity and
peak elongation after treatment, no matter in machine direction or cross direction, others
of them varied slightly, keeping almost the same strength after treatment. In general, the
variation of both strength and elongation in machine direction was less than that in cross
direction. The decrease in both tenacity and elongation was probably due to some of the
weak bonds broken caused by either the agitation of boiling water or by the shrinking or
swelling of the component, which would lead to the reduction in number of linkages
among fibers. Therefore, fewer numbers of fibers was available to sustain the external
forces and fibers were easily pulled out when the web was stretched so that both tenacity
and elongation were reduced.
The average bending length of the webs in machine direction and cross direction are
shown in Figure 5.18. The flexural rigidity of PP/PP webs did not show any considerable
change after treatment, while the changes were more apparent for PP/PA6 webs. The
unchanged flexural rigidity of P1-P5 samples was probably because no splitting occurred,
or there was little effect of boiling water on fiber configurations and arrangement. The
greater change of stiffness in PP/PA6 webs after treatment was attributed to the fiber
splitting, which yields finer and therefore softer fibers. This, combined with the reduction
in inter-fiber bonds, made the webs more flexible than they were before.
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Figure 5.16 Average peak tenacity of 12 Bicomponent MB webs webs in (a) MD direction
and (b) CD direction
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Figure 5.17 Average peak elongations of 12 Bicomponent MB webs webs in (a) MD
direction and (b) CD direction
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Figure 5.18 Average bending length of 12 Bicomponent MB webs in (a) MD direction
and (b) CD direction
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5.4 Summary
In this part of research, the hot water treatment was applied to 12 side-by-side
bicomponent meltblown webs having one component containing hydrophilic additives.
Fiber splitting was examined through Scanning Electronic Microscopy. Web properties
such as fiber diameter, basis weight, web thickness, air permeability, water permeability,
tensile property and flexural rigidity were investigated according to the corresponding
ASTM standards.
The SEM photos of 12 bicomponent meltblown web samples before and after hot
water treatment showed that fiber splitting was improved in the PP/PA6+ additive
meltblown webs. Compared to the photo of the same web without additive, more split
fibers were observed among the webs. However, PP/PP+additive bicomponent fibers did
not show any sign of split and there were only very rare spots of split fibers in PP/PET
webs. The web position did affect the fiber splitting in PP/PA6+additive webs in that
more split fibers were spotted from the sides of web than from the middle.
The slight difference in the average fiber diameters before and after water treatment
was probably due to the measurement error. The change in basis weights depended on
type of webs, though most of them were unaffected by the water treatment. The increase
in average web thickness was detected for all samples after water treatment and the
increase in web thickness was much more obvious for PP/PET and PP/PA6 webs than for
PP/PP webs.
Furthermore, the increase in air permeability after the treatment seemed to be related
to the fiber splitting while the decrease in air permeability was probably owing to the web
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shrinkage. The significant decrease in hydro-head values of all webs after treatment was
probably owing to the reduction of weak bonds between fibers, which might leave the
web with tiny holes to favor the water traveling.
Finally, the decrease in average peak tenacity and peak elongation of most
bicomponent webs after treatment, no matter in machine direction or in cross direction
was probably due to the same reason. The variation of both peak strength and elongation
in machine direction was less than that in cross direction. The almost constant flexural
rigidity of PP/PP webs after treatment, and the relatively apparent variation in bending
length for PP/PA6 webs was probably due to the fiber splitting, which yields finer and
therefore softer fibers in PP/PA webs and therefore made the webs more flexible than
they were before.
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Conclusion
Due to the special features of the meltblown fibers such as low molecular
orientation, low crystallinity and poor strength, splitting of meltblown bicomponent fibers
is much harder than other bicomponent fibers such as spunbond bicomponent fibers or
melt spun bicomponent fibers. In this research, the possibility of improving bicomponent
meltblown fiber splitting through additive application to reduce the polymeric interfacial
adhesion was investigated based on the mechanics of interfacial adhesion between two
components. Lab preliminary tests to determine the additives and ratios, web production
on TANDEC 6’’ meltblown line and Reicofil® bicomponent meltblown line to produce
the mono and bicomponent meltblown webs were conducted. A structure/property study
was performed on resultant meltblown webs to evaluate the effect of applied additives.
The selection of suitable polymer additives through the measurement of contact
angle on single fibers demonstrated that silicone containing copolymer additives could be
applied to PP, PET and PA6 polymers. The suitable additive concentration for all
polymer resins was determined at 2%, without sacrificing the polymer processibility
The migration phenomena of additives were investigated on both single fibers and
mono-component meltblown webs, which seemed affected not only by the amount of
additive added in the polymer but also by other factors such as fiber configuration,
arrangement and entanglements in the web. The average tensile strength of monocomponent nonwoven webs after adding the additive decreased, especially in PP webs,
which probably was due to the slower cooling of PP fiber during the web processing.
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Based on the above analysis, additives 7 and 22 were finally selected and applied to
PP resin and 22 to PET and PA6 resins, considering that they are more environmentally
friendly than the rest. Twelve different bicomponent meltblown webs were produced with
one component in each bicomponent web compounded with one selected additive at the
bicomponent ratios 67/34, 50/50, 34/67. The SEM photos of PP/PA6 + additive
bicomponent meltblown webs showed more split fibers than the control sample after hot
water treatment. However, the PP/PP + additive bicomponent fibers showed no fiber
splitting and only rare spots of split fibers were observed in PP/PET + additive
bicomponent webs.
The average diameter of each web after water treatment of each web did not show
significant change. The basis weights of PP/PP bicomponent meltblown webs seemed to
be not affected by the water treatment, while the average web thicknesses were all
increased after treatment. The average air permeability of most webs decreased after the
treatment due to web shrinkage, except that of PP/PA series, which, on the contrary, did
not show much change or even slightly increased. It is probably due to the fiber splitting,
which likely created more voids among fibers that allowed more air to be passed. The
hydro-head values of all webs treated with additives and water treatment were also
significantly reduced, indicating a decreased ability in water resistance after treatment,
which was probably owing to the effect of hydrophilic additives and water penetration
through the webs. The average peak tenacity and peak elongation of most webs decreased
after water treatment, no matter in machine direction or in cross direction. The variation
of both strength and elongation in machine direction was less than that in cross direction.
The flexural rigidity of PP/PP webs, however, did not show any considerable change
83

after treatment, and the differences were more apparent for PP/PA6 webs than for
PP/PA6 webs, which probably was due to no splitting occurring in PP/PP fibers.
In summary, improvement in fiber splitting in PP/PA6 meltblown bicomponent
fibers by additive application has been achieved, though there is still a lot of work to do
to achieve a greater increase in splitting ratio. On the other hand, better understanding the
polymeric interfacial adhesion with the additive application, additive migration in the
spinneret during the web processing and later in the fiber after solidification and additive
efficiency in bicomponent fibers are very important. Meanwhile, machine modification to
reduce bicomponent contact time during the production seems necessary to successfully
achieving the fiber splitting for industrial applications.
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